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MicroRNAs are abundant in animal genomes, yet lit-
tle is known about their functions in vivo. Here, we
report the production of 80 new Drosophila miRNA
mutants by targeted homologous recombination.
These mutants remove 104 miRNAs. Together with
15 previously reported mutants, this collection in-
cludes 95mutants deleting 130miRNAs. Collectively,
these genes produce over 99%of allDrosophilamiR-
NAs, measured by miRNA sequence reads. We pre-
sent a survey of developmental and adult miRNA
phenotypes. Over 80% of the mutants showed at
least one phenotype using a p < 0.01 significance
threshold. We observed a significant correlation be-
tween miRNA abundance and phenotypes related
to survival and lifespan, but not to most other pheno-
types. miRNA cluster mutants were no more likely
than single miRNA mutants to produce significant
phenotypes. This mutant collection will provide a
resource for future analysis of the biological roles
of Drosophila miRNAs.
INTRODUCTION
MicroRNAs (miRNAs) are small noncoding RNAs that regulate
posttranscriptional gene expression. Animal genomes contain
hundreds of miRNA genes (www.miRBase.org), each of which
can regulate hundreds of target transcripts (Brennecke et al.,
2005; Farh et al., 2005; Guo et al., 2010; Lim et al., 2005; Stark
et al., 2005) and thereby modulate expression of a considerable
fraction of cellular proteins (Baek et al., 2008; Selbach et al.,
2008). Modes of miRNA action include suppression of noisy
target gene expression (Bushati et al., 2008; Giraldez et al.,
2006), and fine tuning of target levels (Bartel, 2009; Flynt and
Lai, 2008; Karres et al., 2007). An emerging theme lies in regula-
tion of homeostatic mechanisms, with implications for the poten-
tial roles of miRNAs in physiology and in disease (Ebert and
Sharp, 2012; Herranz and Cohen, 2010).784 Developmental Cell 31, 784–800, December 22, 2014 ª2014 ElsStudies using genetic tools to disrupt miRNA biogenesis have
provided evidence for a range of defects during animal develop-
ment (Giraldez et al., 2005), (Bushati and Cohen, 2007). Analysis
of individual miRNA mutants has provided evidence for roles in
developmental timing (Lee et al., 1993; Wightman et al., 1993),
tissue growth and cell survival (Bejarano et al., 2010; Brennecke
et al., 2003; Da Ros et al., 2013; Thompson and Cohen, 2006; Xu
et al., 2003; Zhang and Cohen, 2013), cell fate specification and
differentiation (Cayirlioglu et al., 2008; Li et al., 2006, 2009; Wu
et al., 2012), aging and neurodegeneration (Abbott et al., 2005;
Boehm and Slack, 2005; He´bert et al., 2008; Karres et al.,
2007; Liu et al., 2012), metabolism (Hyun et al., 2009; Varghese
et al., 2010), stem cell maintenance and proliferation (Morante
et al., 2013; Shcherbata et al., 2007; Weng and Cohen, 2012;
Yang et al., 2009), as well as in behavior (Luo and Sehgal,
2012; Vodala et al., 2012; Weng et al., 2013). Despite this wealth
of biological insight, the study of miRNA loss-of-function mutant
phenotypes has been sporadic, with considerable attention paid
to diverse roles of a small number of miRNA mutants.
To take a systematic view of miRNA function in vivo, the
Caenorhabditis elegans community has produced an extensive
collection of miRNA loss-of-function mutants. Studies with this
collection suggested that the majority of miRNA mutants had
no detectable phenotypes when mutated individually (Miska
et al., 2007). In some cases, phenotypes emerged when multiple
miRNAs of amiRNA seed family weremutated together (Alvarez-
Saavedra and Horvitz, 2010). Functional redundancy among
miRNA family members has also been observed in Drosophila
(Ge et al., 2012). Roles for C. elegans miRNAs emerged when
screens were carried out in sensitized genetic backgrounds
(Brenner et al., 2010). The C. elegans mutant collection has
been used to screen systematically for miRNAs affecting biolog-
ical processes, including lifespan (de Lencastre et al., 2010).
In other organisms, the systematic assessment of miRNA
function has been limited by the availability of genome level re-
sources. Recent progress includes resources for miRNA overex-
pression inDrosophila, which cover 165miRNAs (Bejarano et al.,
2012; Schertel et al., 2012; Szuplewski et al., 2012). Collections
of targeted knockout ES cells will facilitate production of miRNA
mutant mice (Park et al., 2012; Prosser et al., 2011).
Here, we report the production of a large collection of
Drosophila miRNA knockout mutants by targeted homologousevier Inc.
Figure 1. Summary of the miRNA Mutant Collection
miRNA mutants generated in this work and those previously reported are
indicated for miRNAs annotated in miRBase releases 9, 10, and 20.
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geted genetic loci, which encode 130 individual miRNAs.
Together these loci encode >99% of Drosophila miRNA
sequence reads, suggesting that a systematic analysis of this
collection should uncover most of the important biological func-
tions of miRNAs in Drosophila.
RESULTS AND DISCUSSION
Production of Targeted miRNA Deletion Alleles
With improvements in miRNA sequencing, computational tools,
and other methods from 2007 to 2013, the number of identified
Drosophila miRNAs increased considerably (Figure 1; www.
miRBase.org; Griffiths-Jones et al., 2008; Kozomara and
Griffiths-Jones, 2011). miRBase 9 included 79 miRNAs.
miRBase 10 (2008) added 73 new loci. miRBase 20 (2013) added
86 miRNAs, for a total of 238 validated miRNA precursors.
The 152 miRNA precursors in miRBase release 10 account for
99.97% of Drosophila miRNA sequence reads (Chung et al.,
2008). The 86 new miRNAs in miRBase 20 contribute only
0.03% of total sequence reads, reflecting the identification of
less abundantly expressed miRNAs by deeper sequencing.
Based on miRNA abundance and evolutionary conservation,
we selected a subset of these miRNAs for targeting (Figure 1).
The miRNAs added in miRBase 20 were excluded due to low
abundance (exception miR-307b was deleted with miR-307a,
from miRBase 10). From the 152 miRNAs in miRBase 10, we
excluded miRNAs that were not conserved beyond the
Drosophila melanogaster subgroup (Granzotto et al., 2009),
with the expectation that they were less likely to produce devel-
opmental phenotypes (Table 1; Figure 1). The final set of 130
miRNAs included 75 loci encoding single miRNA precursors
and 20 miRNA clusters encoding 58 miRNA precursors, for a to-
tal of 95 genetic loci. Table S1 (available online) summarizes the
miRNA mutants made in this study and the provenance of
miRNAmutants that weremade earlier by us, or by other groups.
The targeting strategy used ends-out homologous recombina-
tion (Gong and Golic, 2003). In the initial phase of the project,
mutants were made using pW25, which replaces the miRNA
sequence with mini-white. Some alleles were made with
pW25-Gal4-attB2, which inserts Gal4 and mini-white (WengDevelopmeet al., 2009). More recently, mutants were made using pRMCE
(Weng et al., 2009), which introduces inverted attP sites to allow
subsequent modification of the targeted locus (Table 1). For loci
encoding a single miRNA, targeting vectors were designed to
delete the hairpin. For miRtrons (Okamura et al., 2007), only
the eight base pair miRNA seed sequence was deleted. For
loci encoding miRNA clusters, all precursors were removed in
a single deletion (Table 1). For example, the miR-309 cluster
mutant deletes eight hairpin precursors, encoding six distinct
miRNA species that are coexpressed in the early embryo (Bush-
ati et al., 2008). Representative maps showing the targeting
strategy for several loci are provided in Figure S1.
Each mutant was screened for loss of the miRNA hairpin by
genomic DNA PCR. In addition, loss of the mature miRNA was
confirmed by Northern blot or microRNA PCR for 38 mutants
(removing 60 miRNAs, Table 1). The mutant collection contains
seven miRtron loci. Host transcript expression was normal for
three miRtron mutants but was reduced in the other four, sug-
gesting that splicing of the intron was compromised by the mu-
tation (Table 1). In addition to themiRtrons, 36miRNAs ormiRNA
clusters are located in the introns of protein coding genes. The
mini-white cassette used as a genetic marker was excised after
targeting the locus in most cases, so that only a single loxP site
remains in the host gene intron. For this reason, we anticipated
minimal impact on host gene splicing. Host gene expression
was not affected in the seven intronic miRNA mutants tested
by quantitative PCR (Table 1). Host gene expression was
affected in the miR-7 and the miR-12 cluster mutants, which
were made by other labs using different strategies (Friggi-Grelin
et al., 2008; Li and Carthew, 2005). Consequently,miR-7 and the
miR-12 cluster, along with the four affected miRtrons were
excluded from the phenotypic survey. The single miRNA mutant
miR-303 was also excluded, becausemiR-303 was also deleted
as part of a cluster. Together, the remaining 88 mutants remove
124 microRNAs, which in aggregate account for 97.5% of
Drosophila miRNA sequence reads (Chung et al., 2008). We
have used this collection to survey miRNA mutant phenotypes
(summarized in Figure 2 and Table 2).
Survival Phenotypes
Survival to Adulthood
Survival to adulthood was monitored to identify mutants with
important functions during development. Mutants were first
analyzed as homozygotes for the targeted knockout allele (KO/
KO). Those with significantly reduced viability were retested in
trans to a chromosomal deletion uncovering the miRNA (KO/
Df; survival data are in Table S1.1; Df used are listed in Table
1). In total, 18 mutants showed significantly reduced viability
(p < 0.01, binomial test, summarized in Table 2). These include
bantam, miR-1, the let-7 (miR-100, miR-125) cluster, miR-8,
themiR-309 cluster,miR-263a andmiR-276a, which have previ-
ously been reported to reduce viability (Brennecke et al., 2003;
Bushati et al., 2008; Caygill and Johnston, 2008; Ge et al.,
2012; Hilgers et al., 2010; Karres et al., 2007; Sokol and Ambros,
2005; Li et al., 2013), as well as several miRNAs for which no
viability data have been reported previously.
The mutants bantam, miR-1, miR-190 and miR-279,996 were
essential for survival. No survivors were recovered when these
mutants were reared together with their heterozygous siblings.ntal Cell 31, 784–800, December 22, 2014 ª2014 Elsevier Inc. 785
Table 1. miRNA Mutants
miRNA Vector or Reference miRNA Validation
Host Gene
(Intronic miRNA)
Host Gene
Status Marker Deficiency Line
Bantam Brennecke et al., 2003 Northern, PCR Df(3R)Ar11
mir-1 Sokol and Ambros, 2005 Sokol and
Ambros, 2005
Df(2L)ED1315
mir-10 pW25-Gal4 PCR w+ and Gal4 Df(3R)BSC467
mir-100,let-7,125 Sokol et al., 2008 Sokol et al., 2008 Df(2L)BSC149
mir-1000 pW25 msi PCR validated w Df(3R)Exel6203
mir-1003 pW25-Gal4-attB2 miRtron CG6695 PCR validated w Df(3R)ED6220
mir-1006 pW25-Gal4-attB2 miRtron VhaSFD affected w Df(2L)BSC325
mir-1007 pW25-Gal4-attB2 miRtron CG1718 affected w Df(1)BSC626
mir-1010 pW25-Gal4-attB2 miRtron SKIP PCR validated w Df(3R)Exel6190
mir-1011 pRMCE miRtron Ir93a affected w Df(3R)BSC819
mir-1014 pW25-Gal4-attB2 miRtron salt affected w Df(3R)ED6361
mir-1017 pW25-Gal4-attB2 PCR miRtron nAChRa2 PCR validated w Df(3R)Exel8178
mir-11 Ge et al., 2012 PCR E2F1 PCR validated w Df(3R)Exel6186
mir-12,283,304 Friggi-Grelin et al., 2008 Gmap affected Df(1)ED7331
mir-124 Weng and Cohen, 2012 PCR w+ Df(2L)Exel7069
mir-133 pW25 w+ Df(2L)ED1315
mir-137 pRMCE PCR w+ Df(2R)BSC888
mir-13b-2 pW25 CG7033 w Df(1)ED6957
mir-14 Xu et al.2003 PCR Df(2R)BSC280
mir-184 pW25 Northern, PCR w+ Df(2R)BSC273
mir-190 pW25-Gal4-attB2 rhea PCR validated w Df(3L)BSC389
mir-193 pW25-Gal4-attB2 w+ and Gal4 Df(3L)BSC418
mir-210 pW25-Gal4 PCR w+ and Gal4 Df(1)BSC273
mir-219 pW25 PCR w+ Df(3L)Exel6131
mir-252 pRMCE w Df(3R)Exel7320
mir-263a Hilgers et al., 2010 PCR w+ Df(2L)BSC323
mir-263b Hilgers et al., 2010 PCR CG32150 PCR validated w Df(3L)X-21.2
mir-274 pW25 CG32085 w Df(3L)BSC675
mir-275,305 pW25 PCR w+ Df(2L)BSC189
mir-276a pW25 w+ Df(3L)ED4457
mir-276b pW25 PCR w none
mir-277,34 pW25 w+ Df(3R)Exel6265
mir-278 Teleman et al., 2006 Northern 30 exon CG42524 w+ Df(2R)BSC427
mir-279,996 Cayirlioglu et al., 2008 PCR Df(3R)Exel6212
mir-281-1,281-2 pW25 oda w Df(2R)BSC699
mir-282 pW25 w+ Df(3L)ED208
mir-283 pRMCE Gmap w Df(1)ED7331
mir-284 pRMCE PCR 30 UTR Octbeta2R w+ Df(3R)Exel7317
mir-285 pW25 PCR w+ Df(3L)BSC727
mir-2a-2,
2a-1,2b-2
pRMCE PCR spitz w Df(2L)Exel8041
mir-2b-1 pW25 30 UTR Bkt29A w+ Df(2L)BSC229
mir-2c,
13a,13b-1
pRMCE w+ Df(3R)Po4
mir-303 pW25 PCR w+ Df(1)BSC580
mir-304 pRMCE Gmap w Df(1)ED7331
mir-306,79,9b pRMCE PCR grapes w Df(2L)Exel6039
mir-307a,307b pW25 Mmp2 w Df(2R)BSC132
(Continued on next page)
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Table 1. Continued
miRNA Vector or Reference miRNA Validation
Host Gene
(Intronic miRNA)
Host Gene
Status Marker Deficiency Line
mir-308 pW25 RpS23 w Df(2R)BSC361
mir-309,3,286,
4,5,6-1,6-2,6-3
Bushati et al., 2008 Northern
miR-6 & 309
Df(2R)ED3728
mir-310-313 p-element excision Northern Df(2R)Exel7164
mir-314 pW25 w+ Df(3L)BSC727
mir-316 pW25 w+ Df(3L)ED4978
mir-317 pRMCE w+ Df(3R)BSC526
mir-318 pW25 PCR w+ Df(3R)BSC479
mir-31a pW25 PCR w+ Df(2R)BSC347
mir-31b pRMCE PCR rdgA PCR validated w Df(1)ED6957
mir-33 pW25 HLH106 w Df(3L)ED228
mir-375 pW25-Gal4-attB2 w+ and Gal4 Df(2L)ED105
mir-7 Li and Carthew, 2005 PCR bancal exons deleted Df(2R)Exel7164
mir-8 Karres et al., 2007 Northern, PCR w+ Df(2R)BSC382
mir-87 pW25 w+ Df(2L)BSC240
mir-927 pW25 PCR mmd w Df(1)BSC715
mir-929 pW25-Gal4-attB2 cpx w Df(3R)Exel6140
mir-92a pW25 jigr1 w Df(3R)BSC321
mir-92b pW25 w+ Df(3R)BSC321
mir-932 pW25-Gal4-attB2 neuroligin 2 w Df(2L)ED7007
mir-955 pW25-Gal4-attB2 w+ and Gal4 Df(3L)BSC129
mir-956 pW25-Gal4-attB2 w+ and Gal4 Df(3L)BSC727
mir-957 pRMCE w+ Df(3L)BSC21
mir-958 pRMCE w+ Df(3L)BSC21
mir-959,960,
961,962
pW25-Gal4-attB2 PCR CG31646 w Df(2L)Exel8016
mir-963,964 pW25-Gal4-attB2 PCR CG31646 w Df(2L)BSC169
mir-965 pW25 PCR kismet PCR validated w Df(2L)ED19
mir-966 pW25-Gal4-attB2 Ade2 w Df(2L)BSC184
mir-967 pW25-Gal4-attB2 bun w Df(2L)ED776
mir-968,1002 pW25-Gal4-attB2 TM9SF4 w+ and Gal4 Df(2L)BSC812
mir-969 pW25-Gal4-attB2 PCR w+ and Gal4 Df(1)BSC352
mir-970 pRMCE tomosyn w Df(1)BSC851
mir-971 pW25-Gal4-attB2 rad w+ and Gal4 Df(1)ED7165
mir-972,
973,974
pW25-Gal4-attB2 w+ and Gal4 Df(1)BSC275
mir-975,
976,977
pW25-Gal4-attB2 w+ and Gal4 Df(1)BSC275
mir-980 pW25 CG3777 w Df(1)BSC843
mir-981 pW25-Gal4-attB2 CG42666 w Df(1)BSC719
mir-982,303 pRMCE w+ Df(1)BSC580
mir-984,
983-1,983-2
pRMCE CG3626 w Df(1)BSC580
mir-986 pW25-Gal4-attB2 Cyp4e2 w Df(2R)Exel7096
mir-987 pW25-Gal4-attB2 PCR CG13739 w+ and Gal4 Df(2R)BSC280
mir-988 pRMCE prp8 w Df(2R)BSC699
mir-989 pRMCE w+ Df(2R)Exel7130
mir-990 pW25-Gal4-attB2 CG8910 w Df(2R)BSC382
mir-994 pRMCE w+ Df(3R)BSC479
(Continued on next page)
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Table 1. Continued
miRNA Vector or Reference miRNA Validation
Host Gene
(Intronic miRNA)
Host Gene
Status Marker Deficiency Line
mir-995 pW25 PCR Cdk2 PCR validated w Df(3R)BSC124
mir-999 pW25-Gal4-attB2 cask w Df(3R)Exel6187
mir-9a Li et al., 2006 PCR Df(3L)ED228
mir-9c pW25 grapes w Df(2L)Exel6039
mir-iab-4,iab-8 Bender, 2008 not available
‘‘miRNA’’ lists themiRNAmutants ormiRNA clustersmutated in this study and those reported previously. ‘‘Vector or Reference’’ lists the vector used to
make the mutant or the published source of the mutant used. Vectors are described in Weng et al. (2009). ‘‘miRNA Validation’’ indicates how the dele-
tion of the mature miRNA RNA was tested. When a reference is given, validation is described there. ‘‘Host Gene (Intronic miRNA)’’ names the protein-
coding gene, for intronic miRNAs, in which themiRNA is located. ‘‘Host Gene Status’’ indicates the results of testing for the splicing of the host gene by
quantitative RT-PCR. ‘‘affected’’ indicates reduced levels of host gene splicing. ‘‘PCR validated’’ indicates normal levels of host gene splicing.
‘‘Marker’’ indicates the marker gene in the targeting vector. The mini-white marker was flanked by lox-P sites and could be excised by Cre-mediated
recombination. This was done for miRNAs locating in introns: indicated as ‘‘w’’. ‘‘w+’’ indicates that the mini-white marker remains in the targeted
locus (for intergenic miRNAs). ‘‘Deficiency Line’’ indicates the chromosomal deletion (Df) used to uncover the miRNA for the KO/Df assays.
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larvae were isolated so that they were no longer in competition
with their heterozygous siblings. It was possible to raise isolated
homozygous bantam mutant larva to adulthood. This was not
possible for miR-1, miR-190, and miR-279,996. Consequently,
these mutants were not tested in assays for adult phenotypes.
In the case of the miR-279,996 cluster, we noted a difference
with a previous report. Our cluster mutant was lethal in the
KO/KO and KO/Df combinations. miR-279 mutants described
previously were viable (Cayirlioglu et al., 2008). It is not possible
to determine whether those mutants also removed miR-996.
We have not attempted to determine if miR-996 is essential on
its own or if the lethality is due to the loss of both miRNAs
together.
Several mutants showed a statistically significant increase in
viability (Table S1). These includemiR-278, which has previously
been reported to affect metabolism through regulation of insulin
responsiveness (Teleman et al., 2006). The increased survival of
this mutant (170% of control, p = 23 107) might be linked to its
altered insulin metabolism. The miR-959 cluster also shows a
striking survival advantage (200% of control, p = 9.8 3 1022).
A previous report has identified circadian behavioral defects,
but did not suggest a mechanistic explanation for the survival
advantage (Vodala et al., 2012). Figure 2 summarizes survival
to adulthood for the combined data sets color-coded by p value
(red p < 0.05, blue p > 0.05; data and p values are in Table S1;
heteroallelic KO/Df results were used for Figure 2 when both
KO/KO and KO/Df were available).
Completion of Embryogenesis
To assess the contribution of miRNAs to embryogenesis, we first
screened for survival of embryos lacking both maternal and zy-
gotic miRNA expression (MZ mutant). Seventy-one lines were
tested using homozygous KO/KO females crossed to KO/KO
males. Mutants were first analyzed as homozygotes (KO/KO).
Those producing embryos with significantly reduced survival
were retested as KO/Df. Fifteen mutants significantly reduced
embryonic hatching when lacking both maternal and zygotic
expression (p < 0.01, Table S1). The requirement for zygotic
function was tested by collecting homozygous mutant embryos
from heterozygous parents carrying GFP-marked balancer chro-
mosomes, and scoring embryonic hatching rate. This analysis788 Developmental Cell 31, 784–800, December 22, 2014 ª2014 Elswas performed for the mutants that could not be tested for
maternal function because homozygous mutant females were
not viable or were sterile. Zygotic function was also tested for
the mutants that showed a significant defect in the MZ mutant
screen. Twelve mutants showed significant reduction in embry-
onic hatching when lacking zygotic expression (p < 0.01, Table
S1). Five of these, miR-87, miR-193, miR-987, miR-989, and
miR-990 also produced a phenotype in the MZ assay, raising
the possibility that the requirement for these miRNAs might be
purely zygotic. There have been no prior reports on these miR-
NAs that might give insight into their functions. In total, 23 of
the 88 mutants tested significantly disrupted embryonic devel-
opment (p < 0.01, Table 2). The combined results of the MZ
and zygotic assays are shown coded by p value in Figure 2.
Essential embryonic survival roles were not noted previously
for bantam, miR-iab4/8, or miR-1 (Bender, 2008; Brennecke
et al., 2003; Sokol and Ambros, 2005). Their expression is
consistent with roles in the embryo. miR-184 KO/KO females
were reported to show an age-progressive maternal effect on
egg production and embryo survival (Iovino et al., 2009). Using
an independently generated allele, we observed a significant
maternal effect for homozygous KO/KO females; however, the
KO/Df assay did not show a significant defect (p = 0.066, Table
S1). Our large-scale screen was done using young females. We
confirmed that a stronger phenotype emerged in older females
with our allele. The result for miR-184 in Table S3 should there-
fore be considered a false-negative.
All mutants that showed low embryonic hatching and pro-
duced brown eggs (indicating development to the point of cuticle
deposition) were examined for cuticle phenotypes. Most did not
produce a clearly penetrant defect. The exception wasmiR-987,
which showed patterning defects (Figure S2).
Larval and Pupal Stages
Survival of larval development was scored for KO/KO mutants.
In most cases, KO/Df were also tested when a significant
defect was seen with the KO/KO mutant. Phenotypes are
coded by p value in Figure 2. Ten mutants showed a significant
reduction in survival during larval stages (p < 0.05, Table S1).
Using the more stringent 99% confidence threshold, seven
mutants affected larval survival. Seven mutants reduced survival
during pupal development (p < 0.05, four mutants at p < 0.01,evier Inc.
Figure 2. Systematic Survey of miRNA Mutant Phenotypes
Results for the assays scored as continuous quantitative variables are presented by p value. Red indicates p < 0.01; blue indicates p > 0.01. Results for all assays
are summarized in Table 2.
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icantly disrupted larval or pupal development (Table 2).
Our findings confirm reports of defects during larval and pupal
development for several mutants. The bantam mutant reduced
survival at both stages, particularly strongly during pupal devel-
opment (Brennecke et al., 2003).miR-1was reported to be larval
lethal (Sokol and Ambros, 2005), consistent with the larval
lethality observed here. miR-263a was reported to show a mild
reduction of survival to the pupal stage (Hilgers et al., 2010),
consistent with the reduced larval survival observed here. let-7
cluster mutants have been reported to show pupal lethality (Cay-
gill and Johnston, 2008; Sokol et al., 2008). Defects in larval and
pupal development were found for several miRNAs for which no
survival data have been reported. Among these, miR-190 was
larval lethal and could not be tested for pupal development.
The miR-276a and miR-276b mutants showed large effects on
pupal survival, but not on larval survival. Whether this is linked
to the reported misregulation of the dopamine receptor in miR-
276a mutants (Li et al., 2013) has not been determined. One
discrepancy was noted with earlier reports. Heteroallelic combi-
nations of miR-8 alleles were reported to show 15%–20%
lethality of late pupae (Karres et al., 2007). Here, the same com-
bination of alleles yielded 11% pupal lethality (p = 0.1), and a
modest but significant reduction of larval survival (p = 0.016).
mir-8 was among the mutants that showed improved survival
when reared separately from their heterozygous siblings.
Other Developmental Defects
Embryonic Germline: PGC Number
Primordial germ cell (PGC) number is a quantitative trait that is
influenced by both maternal and zygotic factors (Lasko, 2011;DevelopmeMahowald, 2001). Wild-type embryos produce a fairly constant
number of PGCs, on average 34 ± 4 (Kugler et al., 2013a).
Maternal effect contribution of miRNAs to PGC number was
scored in embryos derived from heteroallelic KO/Df females or
KO/KO females crossed to wild-type males. Zygotic miRNA
requirement was scored in KO/Df or KO/KO embryos.
Ten mutants showed a significant maternal effect on PGC
number (p < 0.01 comparing KO/Df to Df/+ control females, or
comparing KO/KO mothers to KO/+ controls, Table S2). Twelve
mutants showed a significant zygotic effect on PGC number (p <
0.01, Table S2), including the miR-309 cluster, which is robustly
expressed with the onset of zygotic transcription in the embryo
and has effects on embryogenesis (Bushati et al., 2008). Only
three mutants showed independent maternal and zygotic effects
on PGC number: miR9c, the miR-310 cluster, and miR-316.
Two of the maternal effect mutants, miR-9c and miR-969, have
also been reported to cause increased variance in PGC number
(Kugler et al., 2013a). The average variance in PGC number
significantly increased in the maternal effect mutants, but
not in the zygotic mutants. Phenotypes are shown by p value
in Figure 2 and summarized in Table 2.
External Morphology
miR-9a mutants have been reported to show loss of sense or-
gans due to misregulation of Senseless (Li et al., 2006) as well
as wing notching due to misregulation of dLMO (Bejarano
et al., 2010).miR-8mutants showed leg and wing defects result-
ing from difficulties in eclosion from the pupal case (Karres et al.,
2007). Differential expression of miR-92a in different strains of
Drosophila correlates with the pattern of trichomes on the femur
of the second leg, andmiR-92a overexpression has been shown
to lead to loss of trichomes (Arif et al., 2013). Consistent with this,ntal Cell 31, 784–800, December 22, 2014 ª2014 Elsevier Inc. 789
Table 2. Summary of Mutant Phenotypes
Survival Phenotypes Adult Phenotypes
Survival to
Adulthood
Embryonic
MZ and Z
Larval
Survival
Pupal
Survival
PGC#
Maternal
PGC#
Zygotic
Male
Lifespan
Female
Lifespan Climbing HBB
Male
Fertility
Female
Fertility
Ovary
Morphology
Table S1.1 Table S1.2 Table S1.3 Table S1.4 Table S2 Table S2 Table S3.1 Table S3.1 Table S3.2 Table S3.3 Table S4 Table S4 Table S4
bantam 1 1 1 1 nd nd nd nd nd nd nd nd 1
mir-1 1 1 1 nd nd 1 nd nd nd nd nd nd nd
mir-10 1 nd
mir-100,let-7,125 1 nd nd 1 1 nd nd 1 nd
mir-1000 1 nd nd 1 1 nd 1 1
mir-1003 1 1 nd
mir-1010 1 1 nd
mir-1017
mir-11 1 nd nd 1 nd
mir-124 nd nd 1 nd nd
mir-133
mir-137 1 1 nd
mir-13b-2 1 nd nd
mir-14 1 nd nd nd nd nd
mir-184 nd nd 1 nd
mir-190 1 1 1 nd nd nd nd nd nd nd nd nd nd
mir-193 1
mir-210 1 1
mir-219 1 1
mir-252
mir-263a 1 1 1 nd
mir-263b nd nd nd
mir-274 1 1
mir-275,305 1 1 1 1 nd 1 1
mir-276a 1 nd nd 1 1 nd nd nd nd
mir-276b 1 1 nd nd 1 1 1 1 nd
mir-277,34 1 1
mir-278 1 1
mir-279,996 1 1 nd nd nd nd nd nd nd nd nd
mir-281-1,281-2 nd
mir-282 1 1 1
mir-283 nd nd 1
mir-284 1 1 1 1
mir-285 1 1
(Continued on next page)
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Table 2. Continued
Survival Phenotypes Adult Phenotypes
Survival to
Adulthood
Embryonic
MZ and Z
Larval
Survival
Pupal
Survival
PGC#
Maternal
PGC#
Zygotic
Male
Lifespan
Female
Lifespan Climbing HBB
Male
Fertility
Female
Fertility
Ovary
Morphology
Table S1.1 Table S1.2 Table S1.3 Table S1.4 Table S2 Table S2 Table S3.1 Table S3.1 Table S3.2 Table S3.3 Table S4 Table S4 Table S4
mir-2a-2,2a-1,2b-2 1 nd
mir-2b-1
mir-2c,13a,13b-1 1 nd 1 nd
mir-304 nd 1
mir-306,79,9b nd 1 nd 1
mir-307a,307b 1
mir-308 1 nd nd nd nd nd
mir-309,3,286,4,5,6 1 1 nd
mir-313,312,311,310 1 1 nd
mir-314 1 nd
mir-316 1 1 1 1
mir-317 1 1
mir-318 1 1 nd nd 1 1
mir-31a 1
mir-31b nd nd
mir-33 nd nd 1
mir-375 1 nd
mir-8 1 nd 1 1 1
mir-87 1
mir-927 1 1 1
mir-929 1 nd nd nd
mir-92a 1 nd 1
mir-92b 1 nd
mir-932 1
mir-955 1 nd nd
mir-956 1
mir-957 nd nd nd nd
mir-958 nd nd 1 nd nd nd
mir-959,960,961,962 nd
mir-963,964 1 1 nd
mir-965 1 1 nd 1
mir-966 1
mir-967
mir-968,1002 1 1 nd
(Continued on next page)
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Table 2. Continued
Survival Phenotypes Adult Phenotypes
Survival to
Adulthood
Embryonic
MZ and Z
Larval
Survival
Pupal
Survival
PGC#
Maternal
PGC#
Zygotic
Male
Lifespan
Female
Lifespan Climbing HBB
Male
Fertility
Female
Fertility
Ovary
Morphology
Table S1.1 Table S1.2 Table S1.3 Table S1.4 Table S2 Table S2 Table S3.1 Table S3.1 Table S3.2 Table S3.3 Table S4 Table S4 Table S4
mir-969 1
mir-970 nd nd nd
mir-971
mir-972,973,974 1
mir-975,976,977 1 nd nd
mir-980 1 nd nd nd
mir-981 1 1 1
mir-982,303 nd nd
mir-984,983-1,983-2 1 nd nd
mir-986 nd
mir-987 1 1 nd
mir-988 nd
mir-989 1 1 nd nd 1 1
mir-990 1 1 1 1
mir-994 1 nd nd 1 1
mir-995 1
mir-999
mir-9a 1 nd nd 1 1 nd
mir-9c 1 1 1
mir-iab-4,iab-8 1 1 1 nd nd 1 nd nd 1 1 nd
Columns are named by the assay. For each column, the supplemental table containing the data and statistical analysis is indicated. ‘‘1’’ indicates amutant phenotype. ‘‘nd’’ indicates not done. Blank
cells indicate no significant phenotype. Survival phenotypes: When both KO/Df and KO/KO were tested, this table reports KO/Df. PGC number was scored in embryos derived from KO/Df mothers
for the maternal PGC screen, and for the zygotic screen in zygotic KO/Df embryos. Exceptions scored as KO/KO are shown in blue in Table S2. HBBwas scored on KO/KO animals only. Fertility and
ovary morphology assays were scored normal/defective.
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Developmental Cell
Survey of Drosophila MicroRNA Mutant Phenotypeswe observed that loss ofmiR-92a resulted in an expansion of the
trichome field (Figure S2). ThemiR-92amutant also produced an
eye defect (Figure S2). Additionally, the miR-275,305 cluster
mutant showed extra scutellar bristles.
Adult Phenotypes
Lifespan
Male and female lifespans were measured separately. Where
possible, mutants were first analyzed as homozygotes for the
targeted knockout allele (KO/KO). In most cases, those with sig-
nificant phenotypes were retested in trans to a chromosomal
deletion uncovering the miRNA (KO/Df; Table S3). For several
mutants, only the KO/Df test was possible, due to low survival
of KO/KO to adulthood. In total, 24 mutants showed significant
effects on male lifespan and 21 mutants affected female lifespan
at the p < 0.01 significance threshold (Table 2).
miR-34,277 cluster mutants had short lifespan in both sexes.
An independently generated miR-34 mutant has been reported
to show age progressive neurodegeneration, which may be
responsible for the short lifespan phenotype (Liu et al., 2012).
Interestingly, several other mutants with known nervous system
functions produced short lifespan. miR-276a mutants showed
short lifespan in both sexes.Whether this is linked to the reported
misregulation of dopamine receptor expression in themiR-276a
mutant (Li et al., 2013) has not been determined. miR-124 fe-
males showed short lifespan in KO/Df combination. Males also
appeared to show short lifespan, but this did not reach statistical
significance (p = 0.08).miR-124 has been shown to affect neuro-
blast proliferation and male courtship behavior through regula-
tion of the secreted Anachronism protein and the sex-specific
splicing factor Transformer (Weng and Cohen, 2012, Weng
et al., 2013). miR-9a mutant males showed short lifespan in
both KO/KO and KO/Df combinations. Short lifespans of miR-
9a KO/Df females were significant at the p < 0.05 threshold.
miR-9a mutants have been reported to show loss of sense or-
gans due to misregulation of Senseless (Li et al., 2006) and
wing notching due to misregulation of dLMO (Bejarano et al.,
2010). It will be of interest to determine whether the lifespan ef-
fects of these mutants are mediated through their previously
identified targets, or if new processes are involved.
Twelve mutants were identified with longer lifespan pheno-
types. Inmost cases, this was seen in only one sex andwas small
in magnitude. Longer lifespan phenotypes have be attributed to
modulation of the insulin signaling pathway (e.g., Broughton
et al., 2005). In the case of miR-8, there is evidence for a link to
insulin signaling, which could explain the lifespan effects (Hyun
et al., 2009). There have been no prior reports on the other miR-
NAs that give insight into possible lifespan functions.
Lifespan phenotypes are known to be sensitive to genetic
background. Mutants that showed phenotypes in KO/KO and
KO/Df combinations are goodcandidates for further investigation
because they have been confirmed in different genetic back-
grounds. Future study of these mutants should begin with isoge-
nization to ensure that phenotypes are indeed due to the loss of
themiRNA. Isogenizationwasnot feasible in a large-scale screen.
Climbing Behavior
Defects in the nervous system can be detected using simple
behavioral assays. The negative geotaxis assay measures loco-
motion and neuromuscular coordination (Feany and Bender,Developme2000). For this assay, mutants were selected for testing based
on adult viability and miRNA abundance in the adult head. The
assay was performed on young flies to emphasize early onset,
perhaps developmental, defects. Forty-six mutants were tested.
These mutants remove a total of 54 miRNAs, which together ac-
count for 60% of adult head miRNA sequence reads. Eight mu-
tants showed reduced climbing ability (Table S3; Figure 2).
Among those showing reduced climbing, miR-8 was previ-
ously reported to cause neurodegeneration and impaired climb-
ing behavior (Karres et al., 2007). A deletion uncoveringmiR-284
has been shown to increase glutamate receptor expression (Karr
et al., 2009), which might affect behavior. Climbing defects were
not examined previously for miR-11. miR-11 mutants were re-
ported to show developmental defects in the embryonic CNS
when othermembers of themiR-2 seed family were alsomutated
(Ge et al., 2012). Because miR-11 has a large component
of maternal expression during oogenesis, it is possible that the
single mutant might show impairment of CNS development at
later stages, after the maternally contributed miRNA has gone.
Although the miR-34,277 cluster mutant did not show a signifi-
cant climbing defect in this assay, an independently generated
miR-34 mutant showed climbing defects in older animals
(Liu et al., 2012). Our screen was performed on young flies,
and we have confirmed that our allele reproduces the reported
climbing defect when tested in older flies. There have been
no prior reports on the other miRNAs identified in this screen
that might give insight into their functions.
Hemolymph-Brain Barrier
Sixty-four mutants were screened for leakiness of the hemo-
lymph-brain barrier (HBB), using the fluorescein isothiocya-
nate-dextran injection assay (Bainton et al., 2005). Ten mutants
showed significant dye leakage into the central nervous system
(Table S3). miR-8 was strongly affected with 64% of injected
animals showing dye leakage. It is possible that leakiness of
the HBB might be linked to its CNS neurodegeneration and
climbing phenotypes. miR-284 also showed climbing defects
and a leaky HBB. miR-9a was strongly affected, with 97% of
injected animal showing dye leakage, but produced no early
onset climbing defect. It is noteworthy that all three members
of the miR-9 family produced an HBB defect, indicating that
they are not functionally redundant in this respect. Our initial
results suggest that leakiness of the HBB is not sufficient
to cause early onset functional or neurodegenerative conse-
quences. Further work will be needed to determine whether it
is sufficient to cause late-onset consequences. There have
been no prior reports on the other miRNAs identified in this
screen that give insight into functions related to the HBB.
Fertility
Male and female fertility were measured. Homozygous KO/KO
male and female fertility were monitored in the crosses set up
for the MZ embryonic survival assay. For crosses showing
obviously low egg production in the MZ screen, male and female
fertility were retested in separate crosses with wild-type
partners. In a few cases, mutants that were sterile or
semisterile as KO/KO homozygotes proved to be fertile in the
KO/Df combination. Seven mutants showed reduced male
fertility. Eightmutants showed reduced female fertility (Table S3).
These phenotypes were not scored quantitatively, so only large
magnitude effects are reported in Table 2 and Figure 2.ntal Cell 31, 784–800, December 22, 2014 ª2014 Elsevier Inc. 793
Figure 3. Summary of miRNA Mutant Phenotypes
(A) Summary of the results of each of the quantitative assays scored using significance thresholds of p < 0.05 and p < 0.01, and using the effect size filter. Fertility
assays and oogenesis phenotypes were not scored quantitatively; only large effects are reported.
(B) Summary of the number of mutants showing a survival phenotype (adulthood, embryonic, larval or pupal), any of the adult phenotypes (lifespan, climbing,
HBB, fertility, oogenesis phenotypes), or any phenotype (those above, plus PGC#). Data are shown at the significance thresholds p < 0.05 and p < 0.01 for the
quantitative assays, and using the effect size filter.
(C) Venn diagrams summarizing the number of mutants with any survival phenotype, any adult phenotype, or both.
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Survey of Drosophila MicroRNA Mutant PhenotypesAs reported previously, miR-iab4-iab8 mutants showed low
fertility in both sexes (Bender, 2008). Fertility was also reduced
in both sexes in miR-1000 and the miR-275305 cluster mu-
tants.miR-1000-mutant females laid no eggs. bantam has previ-
ously been reported to be required in female germline stem cell
self-renewal (Shcherbata et al., 2007). Fertility was not tested
here for bantam.
Ovary Morphology
For amore detailed view of the contribution of miRNAs to oogen-
esis, we examined ovarymorphology (Table 2; Figure 2). Mutants
were tested in trans to deficiencies uncovering the miRNA locus.
Sevenmutants showed reproducible phenotypes. The ovaries of
miR-33 KO/Df females showed a range of phenotypes, including
egg chambers with abnormal germ cell number or loss of stalk
cells, possibly reflecting defects during encapsulation of the
germ cells by the follicular epithelium. 41% of miR-33 KO/Df
ovarioles showed obvious phenotypes (p = 0.016 compared to
the Df/+ control). We noted that the penetrance of these pheno-
types varied strongly in different experiments and appeared to
be affected by the nutritional status and age of the mother.
miR-318 and miR-994 mutant egg chambers showed a diverse794 Developmental Cell 31, 784–800, December 22, 2014 ª2014 Elsrange of abnormalities. Most of the eggs laid by miR-318 and
miR-994 mutant females collapsed and could not be fertilized.
Loss of miR-989 delayed border cell migration (Kugler et al.,
2013b). miR-989 KO/Df females showed encapsulation defects
in 38% of aged ovarioles (SD ±23%) compared to 2.5%
(SD ±3.1%) in the comparably aged Df/+ controls. miR-92a
KO/Df-mutant females produced egg chambers with reduced
germ cell number. Although this defect occurred at low fre-
quency (5%), it was consistent. The bantammiRNA was previ-
ously shown to be required in ovarian stem cells, based on
analysis of viable hypomorphic mutants (Shcherbata et al.,
2007). In addition to loss of germline stem cells, we noted border
cell migration defects and degeneration phenotypes in bantam
mutant ovaries.
Overview of Mutant Phenotypes
For the assays scored asquantitative variables,we tested the null
hypothesis of absence of difference of survival between the
mutant and control animals. Figure 3A shows the results of
each assay at two levels of statistical significance: p < 0.05, p <
0.01. Table 2 summarizes phenotypes at p < 0.01. Even at theevier Inc.
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Survey of Drosophila MicroRNA Mutant Phenotypes99% confidence level, we noted that some mutants had small
magnitude effects. To focus attention on the mutants with larger
effect size, Figure 3A shows a third view of the data using a filter
of > 2 SD from the mean of the control and p < 0.01 (Table S4).
Within the survival group, most of the mutants affected
embryogenesis, with fewer causing significant loss during larval
or pupal stages. At the 99% confidence threshold, several
mutants showed reduced survival to adulthood, but not at the
individual stages tested. This is attributable in part to the fact
that the assays of individual stages were done using mutants
that had been separated from their heterozygous siblings as
embryos. Reduced competition improves survival. Reciprocally,
somemutants showed reduced survival at one stage, but did not
reach statistical significance in the survival to adulthood assay
(Table 2). In many cases, this could be attributed to maternal
effect requirements in the embryogenesis assay, which would
not be detected in the purely zygotic adult survival assay. In other
cases, this may be a consequence of differences in the variance
in the controls, which influences the effect size needed to reach
p < 0.01.
Distribution of miRNAs with Multiple Phenotypes
Many mutants produced defects in more than one assay. Over-
all, 36 of the 88 mutants produced a survival defect (Figure 3B).
Within the more diverse group of adult phenotypes, 52 of the 85
mutants tested showed a significant phenotype. More than 80%
of mutants were affected in at least one assay. Figure 3B also
shows this summary applying the less stringent p < 0.05 confi-
dence threshold and the more stringent effect-size filter. Fig-
ure 3C shows the distribution of mutants with survival and
adult phenotypes, or both, at the p < 0.05, p < 0.01 levels and
at the p < 0.01 level with the effect-size filter. A more detailed
view of the occurrence of multiple phenotypes is provided
in Tables 2 and S4.
microRNA Cluster Mutants versus Single miRNA
Nineteen of the 88 mutants removed more than one miRNA.
In most cases, the individual miRNAs in these clusters have
different seed sequences. For example, themiR-309 cluster en-
codes eight miRNAs with five different seed sequences (Bushati
et al., 2008). Consequently, it is expected that cluster mutants
with multiple seed sequences will affect more different targets.
To test this, we asked if cluster mutants showed more mutant
phenotypes than single miRNA mutants. Eight of 19 cluster mu-
tants produced a survival defect compared with 28/69 single
miRNAmutants at the p < 0.01 level. Eleven of 18 cluster mutants
tested showed a phenotype in one or more of the adult assays
compared with 41/67 single miRNA mutants tested. Sixteen of
19 cluster mutants and 56/69 single miRNA mutants showed a
phenotype in any assay. These differences were not statistically
significant (p = 1, binomial test). There was also no significant dif-
ference between clusters and single mutants when analyzed at
the p < 0.05 level or using the more stringent effect-size filter.
We therefore reject the hypothesis that cluster mutants are
more likely to show any mutant phenotype for the panel of as-
says performed in this study.
miRNA Abundance
The analysis in Figure 4 tests the null hypothesis that there is no
association betweenmiRNAexpression level and theoccurrence
of a mutant phenotype. Figure 4A shows the results of each
assay sorted by abundance of themiRNAs (red shading indicatesDevelopmep < 0.01). Figure 4B plots miRNA sequence reads versus survival
to adulthood. Although the range of sequence reads was similar
overall, more abundantmiRNAs appeared to be overrepresented
among the mutants with strongly reduced viability. There was a
significant positive association between miRNA abundance and
survival to adulthood at the p < 0.05 and p < 0.01 thresholds (Fig-
ure4C). Therewasalsoa significant positive associationbetween
miRNA expression level and adult lifespan at the p < 0.05 and p <
0.01 levels (Figure 4C). In most other cases, there was no signif-
icant association. Graphs showing the miRNA sequence read
distribution and box plots of the results at each threshold are pro-
vided in Figure S3A. Plots showing read count versus phenotype
for the other assays are in Figure S3B.Conclusions
Most Drosophila miRNA mutants showed observable pheno-
types. At the 99% confidence level for statistical significance,
more than 80% showed phenotypes in at least one of the assays
performed in this study. More than 90% showed phenotypes at
the 95% confidence level. A more conservative estimate using a
filter for large magnitude effects reduced this to 66% of mutants
with at least one phenotype. This contrasts with studies of the
C. elegans miRNA mutant collection, in which few individual
miRNA mutants produced observable phenotypes (Miska
et al., 2007). Note that there was no significant difference in
phenotype frequency between miRNA cluster mutants and mu-
tants removing single miRNAs.
In this context, it is worth noting that multiple different pheno-
types have been reported for theDrosophilamiRNAmutants that
have been available to the community for some time. miR-8 has
diverse roles, including neuronal cell survival, control of neuro-
blast proliferation, neuromuscular junction formation, innate
immunity, metabolism, and organismal growth (Choi and Hyun,
2012; Hyun et al., 2009; Jin et al., 2012; Karres et al., 2007;
Loya et al., 2009; Morante et al., 2013).miR-14 has roles in con-
trol of apoptosis, regulation of steroid hormone response, and
metabolism (Varghese and Cohen, 2007; Varghese et al., 2010;
Xu et al., 2003). miR-279 controls neuronal differentiation and
behavior (Cayirlioglu et al., 2008; Luo and Sehgal, 2012). bantam
is antiapoptotic and promotes proliferation through downregu-
lation of negative growth regulators (Brennecke et al., 2003;
Herranz et al., 2012a, 2012b). bantam also has roles in germline
stem cells (Shcherbata et al., 2007; Yang et al., 2009), boundary
formation in imaginal discs (Becam et al., 2011), and regenera-
tion of sensory neurons (Song et al., 2012). In many of these
examples, the diverse phenotypes are mediated through regula-
tion of different miRNA targets in different cells or tissues.
We anticipate that most DrosophilamiRNAs will prove to have
multiple roles when the mutants are studied in diverse biological
contexts. The collection of miRNA mutants described in this
report will provide a resource for the community to explore
miRNA biology in greater depth.EXPERIMENTAL PROCEDURES
Gene Targeting
Targeting Vectors
miRNA mutants were generated using ends-out homologous recombination
(Gong and Golic, 2003). Targeting vectors are described elsewhere (Wengntal Cell 31, 784–800, December 22, 2014 ª2014 Elsevier Inc. 795
Figure 4. Relationship between Phenotype and miRNA Abundance
(A) For each assay, miRNAmutant phenotypes are reported by p value (Tables S1, S2, and S3). The lists were sorted according to the abundance of the miRNA in
a stage-specific miRNA-sequencing library (exceptions: fertility and ovary assays, as described in the main text). Darker gray shading indicates more sequence
reads. Red indicates p < 0.01; blue indicates p > 0.01. For cluster mutants, the reads for each of the miRNAs were summed, to better reflect the impact of
simultaneously removing multiple miRNAs. Survival to adulthood assay was sorted by the average of sequence reads in the embryo, larval, and pupal miRNA
libraries (Ruby et al., 2007). MZ and zygotic requirement in embryogenesis and zygotic PCG number were sorted by the average of embryonic sequence reads
(legend continued on next page)
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Survey of Drosophila MicroRNA Mutant Phenotypeset al., 2009). Representative maps of each targeting vector are provided in Fig-
ure S1. Primer sequences used for cloning the homology arms for each of the
targeting vectors are provided in the Supplemental Experimental Procedures.
Detailed protocols are available elsewhere (Chen et al., 2011).
Mutant Generation
For pW25- and pRMCE vectors, donor transgenes were inserted by random
P-element integration. Donors for pW25-Gal4-attB2 vectors were integrated
at defined landing sites (attp16 and 22A for chromosome 2; attp2 and 86Fb
for chromosome 3). Donor lines were crossed to flies carrying hs-FLP, hs-I-
SceI for vector excision and linearization. Female progeny with mosaic eye
color were selected (mosaicism indicates donor excision). hs-hid was intro-
duced onto Y and balancer chromosomes to facilitate collection of virgin
females (Huang et al., 2008). Individual female progeny were crossed with
appropriate white-eyed balancer males. Progeny carrying the mini-white
transgene on the desired chromosome were selected. Deletion of the miRNA
was verified by genomic PCR. For intronic miRNAs, Cre-mediated recombina-
tion of the LoxP sites was used to remove the intron-containing mini-white
marker. Table 1 summarizes the markers retained in the mutants as they
were analyzed. Stocks for gene targeting, GFP balancers, and control strains:
w1118 and y1w1 were from Bloomington Stock Center.
Developmental Phenotypes
Survival to adulthood was measured by counting the total number of homozy-
gous mutant and heterozygous progeny that emerged over 3 to 5 days from a
cross of heterozygous mutant parents (over balancer). w1118 controls were
tested over the corresponding balancers in each experiment tomake the com-
parisons more accurate. Data were analyzed by a two-sided binomial test.
Maternal and Zygotic Embryo Survival
To generate MZ mutant embryos, homozygous mutant parents were crossed.
Eggs were collected for 6 hr on apple-juice agar plates and allowed to develop
at 25C. First instar larvae were counted after 30 hr. Three sets of 150 eggs
were scored for each genotype, including one control sample in each experi-
ment. For the mutants with fully sterile males, homozygous females were
crossed to heterozygous balanced males and the protocol for zygotic mutants
was followed. To generate zygotic mutant embryos, the mutants were
balanced over twist-Gal4, UAS-GFP balancers for chromosomes 2 and 3.
A Kruppel-Gal4, UAS-GFP balancer was used for the X chromosome. Homo-
zygous mutant progeny were identified by lack of GFP expression, after aging
for 6 hr on apple-juice agar plates. Data were analyzed by a one-sided t test.
For the zygotic screen, developed but unhatched embryos were dechorio-
nated and mounted in 3:1 Hoyer’s medium:lactic acid for cuticle examination.
Larval and Pupal Survival
First instar homozygous mutant larvae were collected from the surviving
progeny in the embryo assays. Three sets of 50 larvae were placed into fresh
vials. Completion of larval development was scored by the number of pupae
formed in 5–8 days. Completion of pupal development was scored by counting
adults on days 9–13. A control sample was included in each experiment. Data
were analyzed by a one-sided t test.
Primordial Germ Cell Number
PGCs were counted as described elsewhere (Kugler et al., 2013a). At least
15 embryos were scored for each genotype. Data were analyzed by t test,
assuming a two-tailed distribution.
Adult Phenotypes
Lifespan
Newly eclosed mutant males and females were collected separately. Three
sets of 20 flies of each sex were aged at 25C. Flies were counted twice/
week and flipped to fresh vials until all had died. w1118 and yw were used as
controls. Median survival was determined and analyzed using a two-sided(Chung et al., 2008). Larval and pupal assays were sorted by larval and pupal l
morphology were sorted by the ovary library and male fertility by the testis library
female libraries; climbing and HBB were sorted by the adult head library (Chung
(B) Plot of the results of the survival to adulthood assay versus miRNA sequence
(C) Summary of association analysis of each phenotype with miRNA sequence re
the p < 0.05 and p < 0.01 significance thresholds for the presence of a mutant phe
the direction of the association (positive/negative) and the strength of the assoc
Developmet test to test the null hypothesis (no difference between the mutants and the
controls). Kaplan-Meier survival analysis was not necessary because the
data did not include censoring. In the absence of censoring, the log-rank
test used in survival is equivalent to a chi-square test.
Negative Geotaxis (Climbing)
The protocol was modified from (Coulom and Birman, 2004; Feany and
Bender, 2000). Twenty-five milliliter plastic serological pipettes were cut
to 15 3 220 mm, and the ends were stopped with cotton. Twenty males
(3–5 days old) were transferred into the pipette without anesthesia. After
30 minutes of recovery, flies were tapped to the bottom. After 1 minute, the
number of flies at the top and bottom of the column were counted. Three
trials were performed for each sample at 1 min intervals. Three separate bio-
logical replicates were tested for each genotype. Performance index (PI) =
1/2 [(Nt+Ntop-Nbot)/Nt]. Data were analyzed by one-sided t test.
Hemolymph-Brain Barrier Screen
Dyepenetration experimentswere performedas described elsewhere (Bainton
et al., 2005)withmodifications. Fifteen to 20 freshly eclosed adults were placed
in vials supplemented with fresh yeast paste and aged for 5–7 days at 22C.
Flies were anesthetized with CO2 and placed under a dissecting microscope.
Flies were immobilized by holding the base of the wings with round-tip forceps
and approximately 300 nl of 25 mg/ml anionic fluorescein isothiocyanate-con-
jugated dextran (3kDa, Invitrogen D-3306) was injected into the ventral side of
the abdomen. Flies were allowed to recover in fresh vials for 16–24 hr. Animals
with obvious injuries in the abdomen were discarded. Dye penetration into the
retina was examined under a GFP microscope and compared to dye penetra-
tion in wild-type controls. moodyD17 was used as a positive control (Bainton
et al., 2005). Data were analyzed using a binomial test.
Fertility
Fertility was initially assessed in the crosses for the MZ embryonic assays.
For mutants showing low egg production, or low embryo fertilization in the
MZ screen, fertility was measured using single fly mating. At least ten crosses
of single mutant males or single females were set up with w1118 partners.
Crosses were scored after 5 days as follows: sterile (no progeny), low fertility
(<10 larvae/vial), or fertile (R10 larvae/vial).
Ovary Screen
Immunostaining of ovaries is described elsewhere (Kugler et al., 2013b). Rabbit
a-Vas (1:2,000), rabbita-Aub (1:2,000)were fromPaul Lasko.Mousea-adducin-
related protein (1B1, 1:15) was from DHSB. Samples were analyzed at 2003 to
4003magnification, and 30–100 ovarioles were sampled for each genotype.
Statistics
Statistical tests used to determine p values for each assay are noted in the
Experimental Procedures for each assay. The miRNA sequence read count
data were analyzed using negative binomial distribution to model the read
count data. We tested the null hypothesis that the number of miRNA sequence
reads was the same between normal and abnormal phenotypic groups
for each assay at the 95% confidence level, 99% confidence level, and 99%
level plus the 2SD effect size filter. Box plots were generated using R or
http://data.vanderbilt.edu/graywh/dotplot/. The bottom and top of the box
represent first and third quartiles of the log2-transformed sequence read
counts. The horizontal line inside the box is the median; 95% confidence
interval is indicated.SUPPLEMENTAL INFORMATION
Supplemental Information includes Supplemental Experimental Procedures,
three figures, and five tables and can be found with this article online at
http://dx.doi.org/10.1016/j.devcel.2014.11.029.ibraries (Ruby et al., 2007). Maternal PGC number, female fertility, and ovary
(Czech et al., 2008). Male and female lifespan were sorted by adult male and
et al., 2008).
reads. Similar plots for the other assays are in Figure S3.
ad abundance. Data were analyzed for association with miRNA abundance at
notype, and using the more stringent effect size filter. The coefficient indicates
iation between the log-read count and the phenotype (slope).
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